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Abstract

The Courel recumbent syncline is one of the best examples of a regional scale recumbent fold outcropping in the NW Iberian massif. A strain,
microfabric and minor fold analysis of this structure has been integrated in an evolutionary model that begins with an episode of layer short-
ening, buckling and body rotation associated with deformation dominated by simple shear. Subsequently, the fold was flattened by dominant
irrotational strain with maximum shortening perpendicular to the axial surface and maximum stretching parallel to the fold axis. This occurred
during the first phase of the Variscan deformation, and gave rise to a fold with an axial surface dipping moderately towards the hinterland (SSW).
The recumbent character of the fold was increased during the third phase of the Variscan deformation, which produced a large-scale open

structure with a subhorizontal limb.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Large-scale recumbent folds are common in the internal
zones of many orogens. They have been mainly interpreted
as occurring in tectonic compressive settings, though examples
in other tectonic environments have been also described. Some
recumbent folds show a relationship to low angle reverse faults
that does not have a ramp—flat pattern (Rich, 1934), as is the
case in the Helvetic nappes (Dietrich and Casey, 1989). Sev-
eral theoretical models have been proposed for the formation
of recumbent folds. Most of these models combine simple
shear deformation with shortening perpendicular to the shear
plane (e.g. Sanderson, 1982; Ramsay et al., 1983; Ez, 2000).
The Courel recumbent syncline in the northern Iberian massif
is one of the most spectacular recumbent folds in the Variscan
orogen.

The aim of this study is to create a kinematical model for
the Courel recumbent syncline through the integration of all
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structures from the map scale to that of the optical microscope.
Such modelling should shed some light on the conditions
required for the formation of recumbent folds in general.

To gain insight into the folding mechanisms involved in mi-
nor folds associated to the Courel recumbent syncline, the pro-
gram FoldModeler (Bobillo-Ares et al., 2004) was used. This
geological software was developed using Mathematica™, and
allows kinematic models of folds to be constructed and ana-
lysed in order to determine the strain on the theoretical fold
profile. These models are developed by the successive or si-
multaneous superposition of strain patterns corresponding to
several fold mechanisms. Comparison with strain features of
natural folds can be used to gain insight into the kinematic
mechanisms involved in their development. This software
has been recently improved to allow the modelling of asym-
metrical folds obtained by any combination of pure shear, sim-
ple shear, area change and rotation. This method has been
combined with the study of quartz microfabrics and other
techniques of structural analysis. In particular, a GIS has
been used to perform grain shape and strain analysis of
quartzite samples.
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2. Geological setting

The Courel recumbent syncline is a kilometric scale fold lo-
cated in the Ollo de Sapo domain of the Central-Iberian zone,
near to the boundary with the Westasturian-Leonese zone
(Fig. 1). These are two major zones of the hinterland of the
Variscan belt in NW Spain and present a Palaeozoic succession
more than 11,000 m thick with Cambro-Ordovician terrigenous
series and minor calcareous intercalations, on top of which
Silurian slates are found (Garganta beds in Figs. 2 and 3). Lower
Devonian calcareous layers are found locally on top of the
Silurian. In the Ollo de Sapo domain of the Central-Iberian
zone, a Lower Ordovician porphyroid formation (Ollo de Sapo
Fm.) appears at the base of the succession (Fig. 1).

In the Westasturian-Leonese zone and the Ollo de Sapo do-
main, the structural evolution of the Variscan deformation is
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characterized by three successive deformation phases. The first
deformation phase (D;) gave rise to close to tight folds
strongly vergent to the foreland (Cantabrian zone, Fig. 1)
and with an associated S; foliation (Matte, 1968; Marcos,
1973; Bastida, 1980). The Courel recumbent syncline has
been interpreted as a D, fold (Matte, 1968; Gonzalez-Lodeiro
and Iglesias-Ponce de Ledn, 1978; Martinez-Catalan, 1985).
D, is responsible for thrusts and low dip shear zones with as-
sociated minor structures (Marcos, 1973; Bastida and Pulgar,
1978; Bastida et al., 1986). D5 formed large-scale open folds
that are upright or slightly vergent to the W and SW. These
folds are approximately coaxial with the D; folds and have
an associated crenulation cleavage in pelitic layers (Matte,
1968; Marcos, 1973; Pulgar, 1980). In the Serra do Courel
the minerals that crystallize in the pelitic layers during the devel-
opment of the different cleavages are quartz + chlorite + white
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Fig. 1. Location of the study area in the Variscan NW Spain.
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mica = calcite, indicating metamorphic conditions of the
green schist facies.

Another noteworthy structure is the Viveiro fault (Fig. 1).
To the north of the study area, this fault dips to the west, trends
N—S and has a normal dip-slip component greater than 11 km,
together with a minor dextral strike-slip component (Martinez-
Catalan, 1985; Martinez et al., 1996). To the south, this fault
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bifurcates, with the Villavieja fault forming the north-eastern
branch (Fig. 1). The Courel recumbent syncline is located to
the south of the Villavieja fault (Fernandez, 2000, 2001) and
both structures can be followed for more than 100 km. The
Courel syncline is a recumbent fold in the study area, but lat-
erally it changes its attitude as a result of later folding (Matte,
1968; Pérez-Estaun, 1978; Fernandez, 2001).
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Fig. 3. Cross section through the central part of the Serra do Courel (trace shown in Fig. 2).

The Villavieja fault began its long history as an extensional
pre-Variscan fault that controlled sedimentation from the Mid-
dle Ordovician to the Silurian. At this time a growth rollover
anticline with thickened limbs developed in the hanging
wall, to the south of the fault. In the crest of this anticline
an Upper Ordovician calcareous succession (Aquiana lime-
stones) was deposited, which changed towards the northern
and southern limbs to a thicker siliciclastic succession (Luarca
slates and Agiieira Formation). This structure greatly affected
the geometry of the structures developed during the first
deformation phase (Fernandez, 2000, 2001).

3. Structural analyses

The first detailed geological map of the study area was
made by Riemer (1963) and the first structural interpretation
was made by Matte (1968). In this paper, and also in those
of Gonzalez-Lodeiro and Iglesias-Ponce de Ledn (1978) and
Martinez-Catalan (1985), the structure is interpreted as
a pair of north vergent isoclinal folds: the Courel recumbent
anticline (Matte, 1968) or Piornal anticline (Martinez-Catalan,
1985) and the Courel recumbent syncline, located to the north.
A new geological map and cross section of the area are shown
in Figs. 2 and 3.

D, folds have an associated slaty cleavage (Fig. 4) with an
axial plane or slightly convergent pattern depending on the
competence of the folded layers. Evidence of dissolution along
cleavage seams is common. A weak stretching lineation, usu-
ally only observed under the microscope and defined by the
orientation of quartz and/or chlorite crystals, appears on the
S| planes in a direction parallel to the fold axes (Fig. 4).
Boudins indicating extension in this direction are also present.

Minor D; folds are common near the hinge zone of the
Courel recumbent syncline. They are type 1C folds (Ramsay,
1967). Protuberances in the hinge zone inner arc and wedge
shaped veins in the hinge outer arc are observed in some of
these folds indicating a mechanism of tangential longitudinal
strain (Bobillo-Ares et al., 2000).

3.1. Microstructure and fabric analysis

The Armorican quartzite (Lower Ordovician, Figs. 2 and 3)
has been sampled in several localities near the hinge zone of the
Courel recumbent syncline (Figs. 2, 5 and 6). Under the micro-
scope, all the samples have a grain size <200 pm and anhedral
quartz dominates, with some chlorite and minor amounts of
other phyllosilicates, plagioclase and opaque minerals. More-
over, acicular rutile, prismatic zircons and other inclusions are
common inside the quartz crystals. S; is a domainal cleavage
in the quartzite (Fig. 7) with cleavage domains defined by phyl-
losilicates and opaque minerals, and microlithons formed by
polycrystalline aggregates of quartz and minor plagioclase.
Cleavage domains vary from parallel to anastomosing (terms
after Powell, 1979 and Borradaile et al., 1982).

The thin sections analysed were cut perpendicular to the fo-
liation (plane XY') along the direction of the elongate quartz
crystals (plane XZ ), and normal to this (plane YZ). Fabrics ob-
served are planar—linear (samples JB-1, 4, 5, 6, 7 and 8) or
just planar (samples JB-2 and JB-3). Since all sections contain
similar microstructures, the two samples with the maximum
and minimum values of aspect ratio for the quartz crystals,
JB-1 and JB-7, were selected for a quantitative analysis of
the shape fabric. Fabrics were characterized using the capabil-
ities of GIS for the analysis of forms, and the following data
were obtained: grain size histograms, grain ellipticity (or as-
pect ratio), the angle (¢) between the major axis of the ellipse
inscribed in each grain and the foliation trace, and the shape
parameter (S = normalized area/square of the grain perimeter),
which describes the irregularity of the grain boundary
(Fernandez et al., 2005). The results obtained are shown in
Figs. 8 and 9a. XZ and YZ sections show similar grain size and
a distribution with inequigranular—interlobate grains in which
two grain populations have been distinguished (Fig. 8b): grains
A with modal values of the diameters of circles with the same
area ranging between 15 and 22 pum, and grains B in which
these values are about 50 pm. Shape parameters for section
XZ of the sample JB-7 are shown in Fig. 9a. The aspect ratio
reaches maximum values of 7 for grains B, whereas the
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Fig. 4. Structural map of the study area showing the regional trend of L; (mineral lineation) and fold axes. All diagrams (S, surface poles, S; surface poles and

Lo—;) are lower hemisphere equal-area projections. Reverse limbs are shaded.

maximum value is 3.5 for grains A. The preferred shape orien-
tation of grains A is also less developed, and they also present
a lower boundary irregularity (S = 0.51). The greater boundary
irregularity of grains B (S = 0.38) is related to dynamic recrys-
tallization by bulging (Fig. 7e and f), corresponding to regime
1 of Hirth and Tullis (1992). As a consequence, grains A are
interpreted as having resulted from dynamic recrystallization.

3.2. Strain analysis

The R¢/¢ method (Ramsay, 1967; Dunnet, 1969; Ramsay
and Huber, 1983; Lisle, 1985) was applied on the XZ and YZ
sections of samples JB-1 and JB-7, and the results have been
contrasted using the TFry and ASPAS methods (Fig. 10;
Fernandez et al., 2005), based on the Fry (1979) method and



F.J. Ferndndez et al. | Journal of Structural Geology 29 (2007) 1650—1664

Slates -

250 m
mean dip slope:32°

S Fault
~~. Bedding form lines
(Blind lines) Photographic outline profile

Fig. 5. Schematic sketch of the Convento slope section showing location of
analysed minor folds and samples (face to west, location shown in Fig. 2).

the intercepted segments’ method (Exner, 1972), respectively.
These methods have been improved using the capabilities of
a GIS for the treatment of the spatial relationships between
the points, lines and polygons that characterize tectonic fabrics
(Fernandez et al., 2005). In this analysis, the population of dy-
namically recrystallized grains (grains A), which represent 9%
of sample JB-1 and 4% of sample JB-7, was not considered.

The diagrams obtained by the Ry/¢ method are symmetrical
for all sections (Fig. 10). The quartz grains show some initial
ellipticity (R;). The R; curves, R values and best fit X’ param-
eters of the R¢/¢p diagrams were calculated using the spread-
sheet for finite strain analysis by Chew (2003). This program
calculates the strain ellipse (R;) by selecting the particular
strain that yields the most random initial distribution of marker
orientation. Distributions open at the base in the sections YZ
indicate that R; > R; in these sections (Fig. 10c) with R, values
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(Blind lines) Photographic outline profile
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of 1.20 (JB-7) and 1.31 (JB-1). Distributions observed for the
sections XZ can be interpreted as open or closed at the base, as
can be deduced from the contour density map of Fig. 9d. R;
values are 1.61 (JB-1) and 1.4 (JB-7). If it is assumed that
Rimax < Rs, and Rjn,x is calculated by the method described
by Ramsay and Huber (1983), in which the maximum and
minimum values of the contour map are considered, the R;
value obtained for section JB-7 is 2.01. This value can increase
to 2.71 if the maximum ellipticity is considered (as suggested
by Lisle, personal communication), instead of the contour
map, which artificially weighs up the maxima and minima.

R values obtained by the TFry and ASPAS methods com-
pare well with those obtained with the R¢/¢p method. Neverthe-
less, sample JB-1 has higher x> values than the critical values
given by Lisle (1985), suggesting that it was probably de-
formed in a manner other than that prescribed by the passive
marker model, or that a pre-strain fabric was present. Since
the fit to an ellipse is made in these two methods by a least
squares method (Fernandez et al., 2005), it can be tentatively
suggested that this type of fit softens the ellipticity of the strain
ellipse.

Using the mean R; value obtained for each section from the
three methods, and assuming isochoric deformation, it is pos-
sible to calculate /A, /4> and v/A3 for each sample. The
values obtained are 1.21, 1.13, 0.73 for JB-1 and 1.30, 1.01,
0.76 for JB-7.

3.3. Quartz c-axis fabrics

The fabrics of a quartzite from the Serra do Courel (sample
GAE-9; Matte, 1968) were analysed using X-ray goniometry
by Schmid et al. (1981), who interpreted them as formed at
high temperature with activation of prism <c¢> slip, and
development of a c-axis lineation parallel to an N—S oriented
stretching lineation observed in the sample. These results were
discussed by Bouchez et al. (1984), who argued that the N—S
lineation defined by the elongation of quartz crystals (Xq) in

m

I
mean dip slope: 70°

Fig. 6. Schematic sketch of the Pena Falcoeira slope section showing location of analysed minor folds and samples (face to east, location shown in Fig. 2).
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Fig. 7. Microphotographs of the Courel quartzite. (a) Domainal cleavage with alignment of opaque material penetrating inside a quartz vein. Section XZ of sample
JB-1. PPL. (b) Rough foliation mainly defined by opaque material. Section XZ of sample JB-5. PPL. (c) Domainal foliation defined by fine-grained phyllosilicates
(chlorite, muscovite). Section XZ of sample JB-3. PPL. (d) Domainal foliation in section YZ. Sample JB-2. PPL. (e) Polycrystalline quartz with irregular grain
boundaries formed by grain boundary migration. Section XZ of sample JB-7. CPL. (f) Typical fabric of dynamic recrystallisation in large old quartz grains

with irregular boundaries formed by bulging. Section XZ of sample JB-6. CPL.

sample GAE-9, was in fact a secondary fabric perpendicular to
the maximum stretch (X) defined by the orientation of inclu-
sions of acicular rutile and prismatic zircon in quartz. More-
over, Bouchez et al. (1984) found TEM microstructural
evidences of activation of prism and basal slip in the
<a> direction, and also some rhombohedric slip in the
<c+ a> direction. They interpreted these data as the result
of the fabrics forming at low temperature.

The precise location of sample GAE-9 is not indicated in
any published paper, and this hampers a comparison with
the samples studied here, whose location is shown in
Figs. 5 and 6. All the XZ sections analysed show a dominant
orientation of the prismatic zircons parallel to the stretching
lineation defined by the quartz crystals (X), with the forma-
tion of boudins in some cases, whereas in sections YZ,

zircons do not show a prismatic shape and have a random
orientation. The maximum stretch in all the samples
(GAE-9 included) is parallel to D, fold axes and approxi-
mately E—W.

XZ and YZ sections of eight samples have been studied, and
150—300 quartz c-axes have been measured in each section
using a U-stage. Data were then rotated to plot them together
for each sample (Fig. 11). The fabrics have orthorhombic sym-
metry suggesting a mainly coaxial deformation in the last
stages of the fabric evolution (Fig. 11). The fabrics of the over-
turned limb resemble the theoretical patterns obtained by
Lister and Hobbs (1980) for their quartzite models B or C in
plane strain conditions, whereas the fabrics of the normal
limb show a slight tendency to flattening strain conditions,
in agreement with strain measurements.
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3.4. Analysis of kinematical folding mechanisms
in minor folds

Certain geometrical features of folds, such as the morphol-
ogy of the folded surface and layer profile or the angular
relationship between bedding and cleavage, can be used to gain
insight into the kinematic mechanisms that produced them. In
this respect, the program FoldModeler (Bobillo-Ares et al.,
2004), which generates theoretical folds applying the transfor-
mation equations corresponding to different folding mecha-
nisms to an initial net of parallelograms (Bastida et al., 2005),
is a powerful tool. The FoldModeler version used in this paper
allows modelling of folds by tangential longitudinal strain
without area change, tangential longitudinal strain with area
change (Bobillo-Ares et al., 2006), flexural flow, and the super-
position of a general homogeneous strain that can be rotational
or irrotational and whose principal directions can have any
orientation with respect to the geometrical elements of the fold.
The incorporation of this strain, in general, produces asymmet-
ric folds and represents the main difference with the previous
‘FoldModeler’. The mechanisms can be applied in any order.
Comparison of the geometrical features of the modelled folds
with those observed on minor folds of the Courel recumbent
syncline sheds light on the more probable sequences of folding
mechanisms that could produce these folds.

Several metre and hectometre scale D; folds were studied
in the field in order to obtain structural data, and nine were

selected for quantitative analysis using FoldModeler. All these
folds are located at or near the hinge zone of the Courel re-
cumbent syncline (Figs. 2, 5 and 6). These folds are class
1C (Fig. 13) and show convergent cleavage patterns that ap-
proach an axial plane distribution in the less competent layers.
All these characteristics have been used for the fit with theo-
retical folds. The ¢ — « graphs show the variation of the cleav-
age inclination (¢) vs. bedding inclination («) on the fold
profile (Fig. 12). The cleavage pattern is represented in the
¢ — o graph as a set of points that show an increasing trend
(Fig. 12), although the point dispersion is very high in some
cases.

A good theoretical fit of all the features observed in the
natural folds is very difficult, especially in the cases with a high
dispersion of data in the ¢ — « graphs (Figs. 12—14).
Nevertheless, the sequence of folding mechanisms that gives
the best fits to the folds analysed begins with an episode of
layer shortening without area change and with /A3 = 0.8,
followed by events of: (i) equiareal tangential longitudinal
strain, (ii) tangential longitudinal strain with area change, and
(>iii) flexural flow. The intensities of these three mechanisms
vary in the folds analysed (Table 1), and it is observed that
the equiareal tangential longitudinal strain and tangential lon-
gitudinal strain with area change intensities (measured as in-
crements in the normalized amplitude, Ah) are similar, with
each of them approximately doubling the flexural flow inten-
sity. In most cases, the fold is approximately parallel after
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the application of these mechanisms. The sequence finishes
with an event of homogeneous flattening with /A3 between
0.6 and 0.7. The theoretical folds generated by this combina-
tion of mechanisms show R (in this case Ry = \/42/43) values
between 1.9 and 2.8 in the hinge zone outer arc, whereas for
the inner arc R values range between 3 and 6.3 (Table 1).
Fold 16 shows a protuberance in the inner arc that can be
only modelled with very high R values. The chevron shape
of fold 12 also requires R, values higher than those found in
the other folds.

4. Development of the Courel recumbent syncline

The analysis of the mechanisms involved in the develop-
ment of huge recumbent folds as the Courel recumbent

syncline poses a classic problem in the study of orogenic belts.
The construction of a model for the development of the Courel
recumbent syncline must take into account the sequence of
folding mechanisms obtained using FoldModeler, the coaxial
character of the last stages of the fabric evolution suggested
by the quartz c-axis fabrics, and the approximately symmetri-
cal character of the Courel recumbent syncline as regards the
Lower Ordovician quartzite layer thickness. In addition, any
evolutionary model for the Courel recumbent syncline must
explain both its geometry and its recumbent attitude.

As regards the Courel recumbent syncline geometry, the
folding mechanisms of the minor folds and the geometry of
the cross section (Fig. 3) suggest that this syncline mainly de-
veloped by buckling plus flattening. According to the ortho-
rhombic symmetry of the quartz c-axis fabrics and the
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anticlockwise sense from the vertical axis. Ry, R; and R; are the standard pa-
rameters of the R¢/¢p method.

similar thickness of the competent layers in the two limbs, the
homogeneous deformation was probably a flattening sub-
perpendicular to the axial plane. To assess the amount of flat-
tening and the amplitude of the buckling fold, the Srivastava
and Shah (2006) method has been applied to the Armorican
quartzite folded by the Courel recumbent syncline. The flatten-
ing strain ratio R obtained is about 5, and the buckling fold has
a normalized amplitude of about 2.3 and a round shape.
Rotation of the axial plane is needed to explain the recum-
bent character of the Courel recumbent syncline. This rotation
requires deformation in a non-coaxial regime. Taking into ac-
count the regional vergence of the D, structures towards the
foreland (NNE) in the Variscan belt of the NW Spain, the ro-
tation could occur during folding in a context of non-coaxial
deformation with a dominant foreland-directed simple shear

component. Other shear directions make it difficult to explain
the huge extension of the area with D;-folds in this part of the
orogen. Development of buckling folds in a simple shear
regime requires an obliquity between the layers and the shear
direction (Ghosh, 1966; Ez, 2000; Carreras et al., 2005; among
others). In this deformation regime, folds with gently inclined
axial surfaces are only produced when the shear direction
plunges slightly. In the study case, the two conditions are ac-
complished if the shear direction slightly plunges towards the
hinterland and the layers gently dip towards the foreland.
This involves an uplift of the hinterland that could occur at
the beginning of the Variscan deformation. The uplift was
probably formed as a result of D; deformation, which prog-
resses from the hinterland (Central-Iberian zone) to the fore-
land (Cantabrian zone) (Pérez-Estaun et al., 1991; Dallmeyer
et al., 1997).

From these premises, it is possible to develop an evolution-
ary model for the Courel recumbent syncline. The evolution
starts from an initial configuration characterized by a supraten-
uous rollover anticline developed during the Ordovician and
associated with the growth of the Villavieja fault (Fernandez,
2001), located to the north of the Courel recumbent syncline
(Fig. 15a). The core of the anticline with its condensed Middle
and Upper Ordovician series constituted a weak zone that con-
ditioned the location of the Courel recumbent syncline hinge
when the Variscan deformation began; the evolution trans-
formed the rollover anticline into a syncline. This change
must be related to a tectonic uplift of the southern part of
the study zone that gave rise to a rotation of the southern
limb of the rollover anticline (Fig. 15b).

A deformation with a dominant simple shear component in-
duced minor layer shortening, buckling and body rotation in
the competent layers (Fig. 15c). Assuming a shear direction
plunge of 10° towards the hinterland and a constant arc-length
during buckling, a fold with a normalized amplitude of about
2.3 and the rounded shape obtained above, requires a shear
strain of about 2.

After buckling, a flattening took place with a R value of
about 5 and maximum shortening perpendicular to the axial
plane (Fig. 15d). Assuming isochoric deformation in the
quartzite and taking into account that the A; direction is paral-
lel to the fold axis, as indicated by the stretching lineation, an
area decrease is required in the fold profile. Since R = 5, this
area decrease must be >42%. In Fig. 15d the area decrease is
close to this minimum value. Note that the A; direction indi-
cated by the stretching lineation and the boudinage is in-
compatible with the previous simple shear regime, and
consequently this A; direction must be related to flattening.
Location of the Courel recumbent syncline in the subhorizon-
tal limb of a large open asymmetric fold formed during the
third phase of Variscan deformation (D3) probably contributed
to its recumbent character (Fig. 15¢).

5. Discussion and conclusions

The structural analysis made in this study combines
methods of strain estimation at different scales whose results
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Fig. 11. (a) c-Axes preferred orientation of the Courel quartzite; U-stage measurements, equal-area projections; solid line: rock foliation (normal to Z); X is hor-
izontal (lineation defined by the preferred elongation of the quartz grains within the foliation plane). (b) Full data projection. The ellipsoids on the right-hand side

represent the strain ellipsoids calculated from samples JB-7 and JB-1.

pose various problems. Flattening R values estimated from the
analysis of the major structure are higher than those obtained
from the kinematical models of minor folds (Table 1), and
these are higher than those obtained from the strain analysis
(Figs. 9 and 10). The differences between the results of the
first two methods could be due to the formation of the minor
folds in a late event during the evolution of the major fold.
Buckling probably still occurred in the hinge zone during
the flattening stage of the major fold. On the other hand, the
strain values obtained from the fabric analysis are too low
when compared with those estimated by the other methods.
These differences could be due to certain limitations of the
fabrics when used in the strain analysis. For example, the anas-
tomosing foliations observed in the quartzite under the micro-
scope (Fig. 7) can have associated displacements along the
cleavage domains that are not detected in the strain analysis,
which assumes a continuous medium. As a result, the R values
obtained in the strain analysis are minimum values, and can be
lower than those obtained from the other methods.

The kinematical models for the minor folds of the Courel
recumbent syncline involve a sequence of initial layer shorten-
ing (v/A; = 0.8), followed by tangential longitudinal strain
and flexural flow in such a manner that the former produces
an amplification of the structure (Ah) approximately four
times that of the latter (Table 1). Tangential longitudinal strain
and flexural flow characterized a buckling process that proba-
bly also involved a rotation of the fold axial plane, together

with the major fold, towards an attitude moderately dipping
to the south, in a progressive evolution towards the actual re-
cumbent position (Fig. 3). The last folding event was a fold
flattening with a mean value of R = 2 (Table 1), which in
the modelled folds involved maximum stretch perpendicular
or slightly oblique to the axial plane. This sequence of short-
ening + buckling + flattening was produced in the hinge zone
of the Courel recumbent syncline. A feature of these folds is
the dominantly coaxial character of the flattening, whose max-
imum shortening direction is nearly perpendicular to the axial
plane. This agrees with the orthorhombic symmetry of the
quartz c-axis fabrics. In addition, superposition to the mod-
elled buckle folds of a homogeneous non-coaxial strain gives
rise to asymmetric geometries that do not resemble those of
the natural folds analysed. Minor folds analysed are located
at or near the hinge zone of the Courel recumbent syncline
and generally show a higher interlimb angle than this major
fold. These data confirm that the minor folds were formed in
an advanced stage during the evolution of the Courel recum-
bent syncline.

The evolution of the major fold involved (Fig. 15): (a) de-
velopment of a supratenuous rollover anticline during the
Ordovician, related to the Villavieja fault; (b) tectonic uplift of
the southern part of the section giving rise to a generalized dip
of the layers towards the foreland; (c) minor layer shortening,
buckling and rotation in a simple shear regime with a shear di-
rection foreland directed and gently plunging towards the
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Fig. 12. (a) Definition of angles ¢ and «. (b) ¢ — « diagrams showing the data from the natural folds (points) and the theoretical models (solid line).

hinterland; (d) flattening with the maximum shortening direc-
tion steeply inclined, and involving an important area decrease
in the profile plane; stages (b)—(d) correspond to the develop-
ment of D; of the Variscan deformation; and (e) D3 folding
and rotation to the recumbent present position.

The evolution described above involves a transition from
a non-coaxial regime to a flattening with a very steep maxi-
mum shortening direction. This transition can be tentatively
related to an increasing influence of gravity as a consequence
of the tectonic superposition due to folding. The gravity im-
pact on the development of recumbent folds has been com-
mented by several authors (Bucher, 1956, 1962; Hudleston,
1977; Vacas Pena and Martinez Catalan, 2004; among others).

Recumbent folds induced by simple shear have been
theoretically or experimentally analysed by several authors
(Hudleston, 1977; Sanderson, 1979; Ez, 2000; Carreras et al.,
2005; among others). This type of model has been applied to
the case of the Helvetic fold-thrust belt by Ramsay et al.
(1983). Independent of the active or passive behaviour of the
layer, the formation of recumbent folds by this mechanism
requires a large amount of shear or a high dip of the layers
towards the shear direction. None of these conditions are ac-
complished in the case of the Courel recumbent syncline. Ez
(2000) and Carreras et al. (2005) have also analysed the

formation of recumbent folds by superposition of simple shear
and pure shear. Dietrich and Casey (1989) have described
a model involving combination of simple shear and a variable
amount of pure shear to explain the structure of the Helvetic
nappes and the very steep gradients of increasing strain to-
wards the root of the nappes. These models allow the forma-
tion of recumbent folds with lower strain amounts or lower
initial dip of the layers towards the shear direction than the
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Fig. 13. Ramsay classification of folds 17A and 17B showing the values
obtained from the natural folds (points) and the theoretical models (solid
lines).
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Fig. 14. Some representative examples of fit between the natural and the theoretical folds, defined by the result of deformation of an initial net of quadrilaterals
showing the strain ellipses and their major axes. (a) Fold 11. (b) Fold 12. (c) Fold 16. (d) Fold 17A. (e) Fold 17B.

Table 1
Magnitude of the different kinematical mechanisms and R maximum values
for the inner (IA) and the outer arc (OA) for the theoretical fold models

Fold ref. ILSH (y/Z) DLTE DLTP FF  FL (V&) Ria max Roa max
(Ah)  (Ah)  (Ah)

11 0.8 0.4 035 02 071 52 19
11f 0.8 0.4 0.4 02 0.67 45 25
12 0.8 0.3 0.6 0.16 0.67 63 1.85
13 0.8 0.4 0.5 02 071 45 2
14 0.8 0.4 0.5 02 071 45 2

15 0.8 0.4 0.4 03 08 3 1.6
16 0.8 1 0.2 0.1 058 2515 2.1
17A 0.8 0.4 0.2 02 0.65 42 28
17B 0.8 0.4 0.4 02 0.62 52 28

Kinematical mechanisms are: LS: layer shortening, ETLS: equiareal tangential
longitudinal strain, PTLS: parallel tangential longitudinal strain, FF: flexural
flow and HF: homogeneous flattening.

a Silurian
Armorican quartzite

stretching lineation

SSVN NNE

-~

.2 km

Fig. 15. Synthetic kinematical model for the Courel recumbent syncline. For
explanation, see text.
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simple shear models, and resemble the one proposed here for
the Courel recumbent syncline. Nevertheless, the geometry of
the Courel recumbent syncline suggests that flattening is ap-
proximately homogeneous throughout the fold. A different
model is that of Bell and Hickey (1998) and Bell et al.
(2003), who proposed the formation of recumbent folds in
Mount Isa region (Australia) by rotation of previous right folds
during an episode of subhorizontal shear. This evolution
involves a poliphasic deformation with superposition of micro-
structural events that is not observed in the Courel recumbent
syncline.
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